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The direct injection of solids/water slurries into an inductively coupled plasma 
(ICP) spectrometer offers a rapid and easy method for the analysis of major, minor, and 
trace elements in coal, coal ash, cements, and refractory materials. In this study aqueous 
slurries of 6 coals were prepared by milling with a stirred-ball slurry attritor mill and an 
air impact pulverizer. ICP analysis values obtained for the six coals by the two different 
grinding methods were compared. Five coal ashes and five check standard reference 
materials were ground by an attritor mill and analyzed with an ICP spectrometer. Slurries 
of standard reference materials prepared in the same manner were used to calibrate the 
spectrometer. The results indicate that the ICP method is poor for coal/water slurries. 
The recovery and analysis of major, minor, and trace elements in coal ash, slag, and 
refractory materials is good using the slurry ICP method. These results suggest that this 
method may be applicable for the analysis of finely divided solid samples using 
inductively coupled plasma-atomic emission spectrometry. 
IX 
I. INTRODUCTION 
Coal is the most plentiful energy resource in the United States as well as the 
principle fuel used by electrical utility companies. Coal is a complex mixture of organic 
and inorganic species. When coal is burned the major, minor, and trace constituents form 
an ash residue composed chiefly of compounds of silicon, aluminum, calcium and iron, 
with smaller quantities of compounds of magnesium, sodium, titanium and potassium.1 
Although the constituents are reported as oxides, they occur in the ash primarily as a 
mixture of silicates, oxides, and sulfates. Typical limits of the ash composition of 
bituminous coals are 20-60% for Si02, 10-35% for A1203, 5-35% for Fe203, 1-20% for 
CaO, 0.3-4% for MgO, 0.5-2.5% for Ti02, 1-4% for N a ^ + K 2 0 in the United States. 
The major, minor, and trace elements of coal are important because they affect the 
utilization, and therefore the value, of coal in several ways. One consideration is the 
relationship of major, minor, and trace elements to the overall generation of heat energy 
produced when coal is burned. Although it is the combustion of organic hydrocarbons 
in coal that releases heat, the major, minor, and trace elements present may consume heat 
during the combustion process. The gross calorific value of a coal is affected adversely 
by the presence of these elements. It may be critical to a coal producer to reduce the 
major, minor, and trace elements content of a coal to provide a product with a higher 
market value than the coal normally produced by a given mine. In addition, major, 
minor, and trace elements cause solid buildup and corrosion on boiler surfaces. These 
1 
2 
elements react with sulfides to form a variety of sulfate complexes. High-rank coal is 
usually low in these species, but their presence in lower-rank coals may require costly 
pretreatment.2 
A compositional analysis of the ash in coal is often useful in the total description 
of the quality of the coal. Knowledge of ash composition is also useful in predicting the 
behavior of the ashes and slags in combustion chambers. Utilization of the coal 
combustion ash by-products sometimes depends on the chemical composition of the ash.3 
It should be noted that the chemical composition of laboratory prepared coal ash may not 
exactly represent the composition of fly ash and slag resulting from commercial scale 
burning of the coal. 
There are four standard methods developed by the American Society for Testing 
and Materials (ASTM) for determining the major, minor, and trace elements in coal ash, 
with alternative procedures in each method. These are (1) ASTM Method D 2795, 
"Analysis of Coal and Coal Ash";4 (2) ASTM Method D 3682, "Major and Minor 
Elements in Coal and Coke Ash by Atomic Absorption";5 (3) ASTM Method D 3683, 
"Trace Elements in Coal and Coke Ash by Atomic Absorption";6 and (4) ASTM Method 
D 4326, "Major and Minor Elements in Coal and Coke Ash by X-Ray Fluorescence."7 
1. ASTM Method D 2795. "Analysis of Coal and Coke Ash"4 
ASTM Method D 2795 covers the rapid and inexpensive analysis of coal and coke 
ash for the commonly determined major elements. Major elements such as K 20, N a ^ , 
MgO, CaO, Si02, A1203, P205, Ti02 and Fe203 are determined by a combination of 
spectrophotometric, chelometric titration, and flame photometric procedures. 
3 
Coal ash is generally prepared by placing a -60 mesh (250 microns) coal sample 
in a cold muffle furnace and gradually raising the temperature of the furnace to 500°C in 
1 hour, to 750°C in 2 hours, and then heated an additional 2 hours at 750°C. The ash is 
ground in an agate mortar to -200 mesh (75 microns) and reignited at 750°C for 1 
hour.4'5'7 
Coal samples should be burned slowly in the preparation of ash samples. Rapid 
burning will make sulfur oxides react with metal oxides to form stable sulfates, and errors 
will be introduced into all the analytical results. 
Figure 1 shows an outline of rapid methods for the analysis of coal ash. Solution 
A, which is used to analyze the Si02 and A1203, is obtained by fusing the ash with 
sodium hydroxide (NaOH) followed by a final dissolution of water and hydrochloric acid 
(HC1). Solution B is prepared by digestion of the ash with sulfuric acid (H2S04), 
hydrofluoric acid (HF), and nitric acid (HN03). 
Silicon oxide, aluminum oxide, ferric oxide, titanium dioxide, and phosphorus 
pentoxide are determined with aUV-visible spectrometer. Calcium oxide and magnesium 
oxide are determined by a chelometric titration. A flame photometer is used to determine 
sodium oxide and potassium oxide. 
2. ASTM Method D 3682. "Major and Minor Elements in Coal and Coke Ash by 
Atomic Absorption"5 
ASTM Method D 3682 covers the analysis of the commonly determined major and 
minor elements in coal and coke ash. Atomic absorption methods are used for the 
determination of Fe203, Si02, CaO, MgO, N a ^ , K20, Mn02 , A1203 and Ti02. 
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The ashing procedure is the same as that used before in ASTM Method D 2795. 
The ash is mixed with lithium tetraborate (Li2B407) in a platinum dish and heated to 
1000°C for 15 minutes. The fused mixture is then dissolved in 2% HC1 and appropriate 
dilutions made for the analysis. 
Silicon dioxide, aluminum oxide, calcium oxide, magnesium oxide, sodium oxide, 
potassium oxide, titanium dioxide, manganese dioxide, and iron oxide are determined by 
using different hollow-cathode lamps and a nitrous oxide/acetylene flame or an 
air/acetylene flame. The percentage of each oxide can be obtained through the calibration 
and calculations from the measured absorbances of the blank solutions, the standard 
solutions, and the sample solutions. 
3. ASTM Method D 3683, "Trace Elements in Coal and Coke Ash by Atomic 
Absorption"6 
A wide range of trace elements occur in coal, primarily as a part of the mineral 
matter. Concern over release of certain trace elements to the environment as a result of 
coal utilization has made the determination of these trace elements an increasingly 
important aspect of coal analysis. 
ASTM Method D 3683 covers the determination of beryllium, chromium, copper, 
nickel, lead, vanadium, manganese, and zinc in coal and coke ash. Whole coal or coke 
is ashed, dissolved by mineral acids, and the individual elements determined by atomic 
absorption spectrometry. 
A -60 mesh (250 microns) coal sample is placed in a cold muffle furnace. The 
temperature of the furnace is raised to 300°C in 1 hour and to 500°C in 2 hours, then 
heated to a constant weight at 500°C. The ash is ground in an agate mortar to pass a 200 
6 
mesh (75 microns) sieve and reignited at 500°C for 1 hour. The ash is heated in a 
mixture of aqua regia (mixture of one part concentrated HN03 , three parts concentrated 
HC1, and one part water) and hydrofluoric acid (HF) in plastic bottles to dissolve the ash 
for atomic absorption analysis. A boric acid solution (H3B03) is added to help the 
dissolution. 
Conventional atomic absorption procedures are used with background correction 
for each element. A nitrous oxide/acetylene (N20/C2H2) flame may be used for beryllium, 
vanadium, and chromium, while air/acetylene flame is used for the determination of 
cadmium, copper, nickel, lead, manganese, and zinc. 
4. ASTM Method D 4326, "Major and Minor Elements in Coal and Coke Ash by X-
Ray Fluorescence"7 
ASTM Method D 4326 covers the analysis of the commonly determined major and 
minor elements in ash from coal or coke using x-ray fluorescence (XRF) techniques. The 
ashing procedure is the same as that used in ASTM Methods D 2795 and D 3682. For 
ASTM method D 4326, the ash is mixed with Li2B407 in a platinum or graphite crucible 
and heated to 1000°C. The fused mixture is poured into a platinum/gold dish to form a 
glass pellet to be analyzed by x-ray fluorescence spectroscopy. 
The pellet sample is irradiated by an x-ray beam of short wavelength (high 
energy). The characteristic x-rays of the atom that are emitted or fluoresce upon 
absorption of the primary or incident x-rays are dispersed, and intensities at selected 
wavelengths are measured by sensitive detectors. Detector output is related to 
concentration by calibration curves or by computerized data handling equipment. The K 
spectral lines are used for all of the elements determined by this procedure. All elements 
7 
are determined as the element and reported as the oxide which included iron, calcium, 
potassium, aluminum, silicon, phosphate, magnesium, titanium, and sodium. 
Other analytical methods such as inductively coupled plasma atomic emission 
spectrometry (ICP-AES or simply ICP) are used for analysis of major, minor and trace 
elements in coal. No ASTM standard has been established for ICP analysis with coal, but 
an ASTM Task Group is working on a proposed method.8 
ICP has very low detection limits for most elements. The most time-consuming 
aspect of ICP analysis is sample preparation. The material to be analyzed must be 
dissolved in solution for precise and accurate measurement. For raw coals this means 
ashing the samples, either by furnace combustion to produce solid ash or by potentially 
hazardous wet digestion methods, and sometimes using mixtures of perchloric acid. 
M. Bettinelli, U. Baroni, and N. Pastorelli9 studied three different sample 
preparation procedures for the simultaneous determination of major and trace elements in 
coal fly ashes and geological samples by ICP. A sequential Perkin Elmer ICP-6000 
equipped with a Perkin Elmer Model 7500 data station and a Pr-100 printer was used. 
Dissolution of the samples was achieved by high-temperature fusion with Li2B407 and 
subsequent dissolution in hydrochloric acid, or by heating the samples in mixtures of 
hydrochloric acid, nitric acid, perchloric acid, or hydrochloric acids in a PTFE bomb in 
a microwave oven. The accuracy of the method was confirmed by analysis of six 
different National Institute for Science and Technology (NIST) reference materials. All 
three procedures evaluated in this work are suitable dissolution techniques for a wide 
range of environmental samples. ICP analysis can be performed, without any particular 
problems, on both the fusion and acid solutions. The fusion procedure is fast, does not 
8 
require expensive laboratory equipment and, above all, it is not sensitive to the different 
mineral contents of the samples. Unfortunately, some volatile elements may be lost 
during the high-temperature fusion. Acid dissolution in the PTFE bomb is the method 
normally employed when trace volatile elements must be determined; but as explained, 
it is time consuming and can not easily be applied when several hundred samples are to 
be analyzed routinely. Finally, the microwave oven mixed acid digestion system has 
proven to be a very rapid and accurate method for decomposing coal fly ashes, rocks, and 
sediments prior to multi-element determinations. This method seems particularly useful 
for volatile elements, and the solutions prepared by this procedure are suitable for analysis 
by ICP. 
M. A. B. Pougnet, M. J. Orren, and L. H. Haraldsen10 determined the trace 
elements such as beryllium and lithium in coal ash by ICP spectrometry. They prepared 
coal ash samples by dissolving in Parr acid digestion bombs with a mixture of nitric and 
hydrofluoric acids. The samples were analyzed by an IL Plasma-100 spectrometer 
coupled to a line printer (IL) and a video printer (Axiom Ex-850). Determination of 
beryllium by graphite furnace atomic absorption spectroscopy (GFAAS) is subject to 
matrix interferences which therefore requires the use of matrix modifiers and careful 
choice of atomization conditions. ICP spectrometry offers many advantages over atomic 
absorption spectroscopy and its multielement capability facilitates fast analysis at both 
major and trace levels. When an analytical program for ICP analysis is prepared, an 
interference study is usually required, especially when determining trace elements in 
complex matrices like coal or fly ash where the numbers of potential interferents may be 
large. Interference studies involve the preparation of test solutions containing both the 
9 
analyte and the possible interference which is a very tedious procedure. To facilitate this 
task the above researchers constructed a device for mixing two solutions prior to 
nebulization and introducing the mixture into the ICP torch. Compared to developing ICP 
programs for major elements, trace elements determination required a more thorough 
investigation of the choice of instrumental parameters, spectral lines, and of possible 
interferences due to the large ratios of major-to-trace elements in the samples. For trace 
element determinations a properly optimized system is essential in order to increase the 
sensitivity and to obtain accurate and precise results. 
J. C. Mills11 and coworkers determined the trace element boron in coal ash by ICP 
spectrometry. Coal ash and silicate samples are completely dissolved in nitric and 
hydrofluoric acids. Boron is retained during a volume-reduction step while most of the 
silicon is volatilized. Excess of fluoride is complexed by addition of aluminum chloride 
solution. After dilution, the sample solution does not attack the borosilicate glassware of 
conventional nebulizers. Boron is determined at the 249.678 nm emission line by ICP 
spectrometry, with correction for iron interference. The preparation is also useful for 
determination of some other trace elements, and results are presented for twelve elements 
in certified reference materials. 
R. A. Nadlkarni12 used a Thermal Jarrell-Ash ICP spectrometer to analyze eight 
major elements and twenty trace elements. The coal sample was first ashed with high 
temperature ashing or with RF plasma low temperature ashing. The coal ash or fly ash 
can be analyzed for major ash elements by fusing with lithium tetraborate in an automatic 
fusion device, the Claisse Fluxer. Subsequently, the solutions are analyzed for eight 
major (Al, Ca, Fe, K, Mg, Na, Si, and Ti) and 20 trace elements (As, B, Be, Cd, Co, Cr, 
10 
Cu, Li, Mn, Mo, Ni, P, Pb, Sb, Se, Sr, U, V, and Zn) by ICP spectrometry. The ash 
samples were also dissolved in a Parr bomb in a mixture of aqua regia and hydrofluoric 
acid. 
H. S. Mahanti and R. M. Barnes13 determined trace elements in coal and other 
energy-related materials by using ICP after collection on a poly(dithocarbamate) resin. 
The resin retains more than fifty elements and is useful for concentrating and separating 
trace elements in complex matrices. The purpose of their investigation was the 
development of a procedure which combines ICP spectrometry and the 
poly(diothiocarbamate) chelating resin to extend the limit of detection for trace elements 
in coal. The coal sample is ashed prior to dissolution with aqua regia and hydrofluoric 
acid in a PTFE bomb. They found the detection limits ranged from a low of 2 ng/mL for 
manganese to a high of 150 ng/mL for lead. 
R. I. Botto14 studied coal ash elements by ICP spectrometry using an automatic 
fusion device. The determinations which constitute an ash element analysis, Si02, A1203, 
Fe203, CaO, Na.0, K20, Ti02, P205, and SO 3, were formerly performed in the laboratory 
using a combination of calorimetric, combustion, and atomic absorption techniques. 
Sample dissolution was accomplished by first fusing the ash with lithium tetraborate in 
a carbon crucible for 20-40 minutes at 980°C, then dissolving the fused glass in dilute 
hydrochloric acid. Use of the ICP for all but the P 20 5 and S0 3 determinations reduced 
the time required for ash element analysis by nearly one-half, but the greater precision and 
accuracy obtained with the ICP technique served to emphasize a flaw in their sample 
preparation procedure. Samples yielding low totals had to be reanalyzed, preventing them 
from reaching the optimum efficiency improvement with the ICP. 
11 
In sample preparation techniques, an automatic fusion device known as the Claisse 
Fluxer VI was used. The Claisse Fluxer fuses and dissolves six samples simultaneously. 
The entire operation requires only 15 minutes and is performed without operator 
intervention. Combination of the Claisse Fluxer sample preparation technique with ICP 
spectrometry has provided a rapid and accurate method for ash element analysis.15 
S. S. Ismail16 used ICP spectrometry for analyzing trace and major elements in 
various samples. The samples were prepared by dissolving 0.5 g in a mixture of HC104 
and HN0 3 (1:1). The residue was taken up in 10 mL of concentrated HN0 3 and heated 
to boiling. The solution was then made up to 50 mL with distilled water. The data for 
Li, Al, Sc, V, Ti, and Mn obtained by two methods (ICP-AES and short-time activation 
analysis) were compared and confirmed the results and the accuracy of the measurements. 
Multi-element analytical techniques usually give a wide survey of the chemical 
composition of environmental and geological samples. Short time activation analysis and 
ICP spectrometry with their large data output constitute a complementary combination for 
obtaining fast and accurate results. The matrix effect on the accuracy of ICP spectrometry 
in analyzing coal samples should be investigated more thoroughly. 
In attempts to eliminate lengthy ashing, fusion, and ash dissolution procedures, 
several investigators have studied the direct injection of water slurries of coal or powdered 
ash samples into ICP systems. K. Furuya, Y. Miyajima, T. Kikuchi, and T. Chiba17 
studied the elemental characterization of particle size-density separated coal fly ash by 
ICP spectrometry. On the basis of the size and density distribution, they found that 
elements are grouped into three groups: group I (Si, Al, Fe, Ca, Mg, and Mn), elements 
whose concentration is dependent on particle size and dependent on density; group II (Zn 
12 
and Cu), elements whose concentration is dependent on particle size and independent of 
density; group III (V, Cr, and Ti), elements whose concentration is dependent on particle 
size only in the higher density fractions. 
L. Ebdon and J. R. Wilkinson18 studied whole coal analysis by ICP spectrometry. 
Aqueous suspensions (10% m/v) of whole powdered coal dispersed in Triton X-100 (1% 
V/V) were analyzed by slurry atomization ICP spectrometry. Coals were powdered to a 
particle size of less than 30 microns and sprayed into a conventional torch using a high 
solids type nebulizer. 
Slurry atomization ICP spectrometry seems to show promise for the determination 
of trace and minor elements in coal. The agreement with the atomic absorption 
spectrometry results for the ashed and digested coals is poorer.18 Evidence suggests that 
more uniformly ground coal samples should give results with improved accuracy and 
perhaps improved precision. Ebdon and Wilkinson predict that accuracy and precision 
of results would be improved by the availability of improved instrumentation, particularly 
of better resolution and hence greater freedom from spectral interferences. 
P. E. Pfannerstill, J. A. Caruso, and K. Willeke19 worked on the introduction of 
powdered solid samples as aerosols into the ICP. A powder dispenser was developed for 
the introduction of powdered solid samples as aerosols and is based on a two-step process, 
whereby the formation of the aerosol is separated temporally and physically from the 
introduction of the aerosol into the ICP. The operating parameters chosen for the PCW-
powder dispenser determine the period of time that the aerosol is delivered to the ICP. 
Typical times are between 15 seconds and 2 minutes. The plasma remains stable 
throughout the experiment. Preliminary studies were divided into two parts: (1) the 
13 
optimization of the generation and delivery of the aerosol to the plasma and (2) the 
optimization of the plasma operating parameters. Factors affecting the generation and 
delivery of the aerosol to the plasma were discussed. The data suggest that this method 
and device may be applicable for the analysis of finely divided, nonhygroscopic solid 
samples. However it is not practical for use with samples that are not well suited for 
grinding into small particle sizes, such as alloys. 
K. C. Ng, M. Zerezghi, and J. A. Caruso20 studied the direct powder injection of 
coal fly ash by ICP spectrometry with a rapid scanning spectrometric detector. A simple 
device was demonstrated for introducing powder directly into the ICP. A rapid scanning 
spectrometer served to measure transient elemental emissions. This technique is capable 
of rapid qualitative and quantitative analyses of powder samples with good precision, 
detection levels, and accuracy. There are several factors which need further study before 
this sampling technique will be generally applicable. One will be to study the effect of 
particle size. Theoretically, the smallest particle size should result in the most efficient 
excitation. However, the particle size of the coal fly ash appeared small enough for 
adequate results. Alternate configurations of the powder injection device also need further 
evaluation. In particular, some modification of the sampling procedure is appropriate to 
circumvent disconnecting from the torch with each sample run. Also, automatic sample 
powdering tools such as mortar and pestles should be investigated for possible 
introduction of contamination. 
K. N. D. Silva and R. Guevremont21 designed a fluidized-bed powder sample for 
direct injection of solid powders into the ICP spectrometry. The powder sample was 
fluidized by a combination of mechanical and gas flow actions. Horizontal motion of the 
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sample vial is shown to be an effective means of mixing and suspending the particulate 
material. Gas flow controls ensure that a minimal change in the plasma operating 
condition occurs during sample exchange and that the sample powder is not disturbed by 
high gas flows during these operations. The device was designed to avoid mechanical 
flow control or values in the flow path between the fluidization and the plasma. Although 
no controls are located along the gas/particulate flow path, the unit may be opened for 
change of sample without significantly changing the plasma operating conditions, or 
contaminating the sampler with air. The sample is fluidized in a small vial which is 
oscillated in a horizontal direction to maximize the efficiency of the particulate/gas mixing 
process. Each horizontal oscillation throws the sample into the center of the vial. A 
simple mechanical device for the automated exchange of sample vials was tested. 
The preliminary results from the above study21 suggested that the direct plasma 
emission analysis of powder sample will be feasible. Instrumental developments will 
improve the precision and accuracy of results. The simultaneous multi-element 
measurement of peak and off-peak emission intensity will allow accurate measurements 
of transient signals and will permit simultaneous acquisitions of noise in this manner will 
significantly decrease the detection limits which can be achieved with direct powder 
sampling into the plasma. Considerable development work remains in the area of (a) 
methods of calibration; (b) hardware improvement for minimization of memory effects; 
(c) internal standard elements, selection and methods of homogeneous addition; and (d) 
effects of particle sizes on size segregation and emission intensity. 
M. E. Foulkes22 studied ores, minerals and refractory materials by slurry 
atomization using ICP spectrometry. Aqueous solutions were used for the calibration. 
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The ICP results showed good agreement with certificate and known values. Ultrafine 
slurries (< 2.5 microns) yielded full recoveries. Reduced recoveries were found to be due 
to reduced atomization efficiency (60-70%) for refractory particles greater than 5 microns. 
Enhancements from easily ionizable elements were also observed. 
S. A. Darke23 used a laser ablation system to analyze the trace elements in fly ash 
and standard rock samples by ICP. The laser ablation system was based on a Nd:YAG 
laser, slurry nebulization and an electrothermal vaporization system. The parameters 
which affected the performance of these techniques were discussed. A comparison of the 
plasma source in the presence and in the absence of water was included in this study. 
Ionization temperature and electron number density measurements were made using 
traditional nebulization and compared to those obtained using laser ablation. 
H. G. M. Parry24 investigated several elements in coal slurries by ICP 
spectrometry. Calibration was done using aqueous standards, and slurries were injected 
into an electrothermal atomizer. The effects of furnace program, background correction 
and air ashing were studied. As, Se, Cd and Sb were successfully determined in a variety 
of coal certified reference materials. Good agreement with certificate values was obtained 
provided that the particle size was reduced to below 10 microns. Simplex optimization 
identified the critical parameters for aluminum determinations as being high injector flow 
rate and low observation height. Observed decreases in analyte emission with increased 
sample loadings (>10%) were shown to be caused by transport effects. 
P. S. Goodall25 investigated the use of molecular gas addition as a volatilization 
aid in slurry nebulization inductively coupled plasma atomic emission spectrometry (SN-
ICP-AES). Three gases were studied — nitrogen, hexafluorethane, and hydrogen. Only 
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hydrogen resulted in an improvement in analytical accuracy corresponding to the 
elimination of the interference from incomplete decomposition of refractory slurry 
particles. This ability to decompose refractory particles was reflected in higher rotational 
temperatures due to increased energy transfer from the toroidal to annular region of the 
ICP as a consequence of the higher thermal conductivity of hydrogen compared with 
argon. The correlation of analytical recovery, particle size and transport properties 
indicated that accurate analysis by SN-ICP-AES, using direct aqueous calibration, required 
a maximum particle size of 2 microns. 
L. Blain and E. D. Salin26 presented a lengthy discussion on the effect of numerous 
parameters on the signal resulting from pellet sample introduction in ICP-AES using 
sediment standard reference (SRM's) materials. For instance, pellet insertion using wire 
baskets failed to contain the sample vapor, which increased the background excessively. 
Deposition of pellets in graphite cups before insertion alleviated this problem. Other 
parameters discussed include the ratio of graphite to sample, the insertion geometry, 
plasma operating conditions, integration time, and chloride addition through AgCl 
chemical modification to enhance refractory element vaporization. 
K. Lobinski27 and coworkers reported that, under simplex-optimized ICP conditions 
(i.e., power, sample uptake rate, gas flow rates, and observation height), Zr02 slurries with 
particle size less than 10 microns behaved essentially as a solution in the plasma. A pH 
of 2 also ensured slurry stability for at least 2 hours. Results in good agreement with 
those obtained after fusion of the samples were obtained by standard additions of aqueous 
solutions. However, since spectroscopic interferences from Zr were encountered for B, 
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Cu, Mn, and V, a matrix separation method was required for the determination of the 
latter elements. 
Coal will remain a major source of energy for centuries. The increased awareness 
of the contributions made by burning coal, and other fossil fuels, to environmental 
problems has generated an increased demand for major, minor, and trace element 
information for these fuels. Also, knowledge of the major and minor elements in coal is 
needed for the efficient operation of coal fired power plants and for quality control 
measures in the procurement of coal for these plants. Compared to ASTM standard 
methods for major, minor and trace elements analysis for coal and coke ash, a rapid and 
accurate method for measuring the major, minor, and trace elements in coal is needed for 
the coal industry. 
The objective of this study is to develop a rapid and accurate method for 
determining the major, minor, and trace elements in raw coal and coal ash. The method 
of interest involves optimization of raw coal and coal ash grinding methods for sample 
preparation; optimization of ICP operating conditions; direct injection of coal/water 
slurries and coal ash/water slurries into an ICP spectrometer system; and verification of 
the direct injection ICP results with the results obtained by ASTM standard methods. 
II. EXPERIMENTAL 
A. Materials 
Six coals ranked from lignite A to medium-volatile bituminous were used in this 
study. The coal origins, types, and ranks are listed in Table 1. Five mixed coal ashes 
(86027/86026 3:1, 86027/85091 3:1, 86039/86046 3:1, 86039/82045 1:3, 85091/86039 
1:3) were also used in the study. All reagents used in the research were of reagent 
grade. The surfactant for the grinding of coal was Triton X-100. All water used was 
deionized by ion exchange columns. 
Calibration standards for the analysis of major, minor and trace elements were 
National Institute for Standards and Technology (NIST) standards. British Chemical 
Standards (BCS) samples were also used during this study. All coal and coal ash samples 
were prepared by ASTM methods, by LECO instrumental requirements, or by different 
procedures described in this chapter. 
B. Instrumentation 
A UNION PROCESS Research Model 01 -HD attritor was used to prepare the 
coal samples. The attritor is often referred to generically as a "stirred ball attritor mill." 
The laboratory attritor works up to ten times faster than the conventional jar mill. With 
the laboratory attritor, the user can choose wet or dry grinding, introduce inert 
atmospheres, operate at controlled temperatures, vary grinding speed, overcome product 
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Table 1. Ranks and Sources of Coals Used 
Coal No. 
86026 
86027 
86039 
82045 
86046 
85091 
Rank 
mvb 
ligA 
subB 
subC 
hvAb 
ligA 
Source 
Consolidation Coal Co., 
Pennsylvania 
PRPS Coal, 
Saskatchewan, Canada 
Jacob's Ranch Mine, 
Wyoming 
Belle Ayr Mine, 
Wyoming 
Poplar Lick Mine, 
Bell Co., Kentucky 
BDPS Coal, 
Saskatchewan, Canada 
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contamination, change media size and type, and get precise energy consumption 
information.28 Operation of an attritor is simple and effective. The material to be ground 
is placed in a stationary tank with the grinding media. The material and media are then 
agitated by a shaft with arms, rotating at high speed. This procedure causes the media 
to exert both shearing and impact forces on the material. The final result of this efficient 
process is a fine material, measured in microns. 
A GARLOCK Trost Model GEM T Air Impact Pulverizer was used to grind the 
coal samples from -60 mesh to micron size (Figure 2). The impact power of the TROST 
Pulverizer is from opposing jet streams of fluid energy.29 A sample capacity up to grams 
per hour is fed into the hopper and fired through the P-tube. After impacting head-on 
with material moving in the opposite direction through the O-tube, both were swept into 
the classification chamber. Larger particles move to the outer perimeter of the chamber 
through centrifugal force and travel down the downstack and through the O-tube for 
further impact and fracture. Fine particles, however, move toward the center of the 
classification chamber and are discharged into bags, cyclones, drums or collectors. 
Nitrogen was used as a compressed gas. The final particle size can reach micron size or 
finer. 
An ELZONE Model 280 PC particle size analyzer was used to measure the 
particle size of the ground coals. The diagram of the ELZONE 280 PC is shown in 
Figure 3.30 The ELZONE Model 280 PC particle size analyzer operates by the 
electrozone method which has the best combination of high resolution, size range, 
sensitivity. The electrozone method is based upon: (a) causing a uniform suspension of 
single particles in an electrolyte to flow through a small orifice simultaneously with an 
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LARGE 
PARTICLES 
DISCHARGE 
(Variable Sizes) 
CLASSIFICATION 
CHAMBER 
MATERIAL 
INPUT 
P JET 
# P TUBE IMPACT (Variable Sizes) CHAMBER OTUBE 
FINE PARTICLE 
SEPARATION 
DOWNSTACK 
0 JET 
Figure 2. Configuration of a GARLOCK Trost Model GEM T air impact pulverizer. 
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A sample vial and orifice tube 
B microscope adjuster 
C mercury volumetric siphon 
D on/off switch 
E vacuum/flush control toggle 
F orifice-clearance backflush 
G downstream flush control 
H orifice observation 'scope 
I Hydropulsor 
J microscope lamp 
Figure 3. Diagram of an ELZONE Model 280 PC particle size analyzer. 
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electric current, and (b) electronically processing the resulting sequence of particle-pulses, 
the amplitude of each pulse being proportional to its particle's volume. The operation is 
controlled by an ELZONE program. It has several data processing procedures that 
including smoothing, scale normalizing or converting, marking, editing, data-set blending, 
extrapolating, subtracting, and rationing. The final particle size is given by the geometric 
mean or arithmetic mean. 
A EG&G ORTEC Model 6140/6141 Tube Excited Fluorescence Analyzer (TEFA) 
was used to obtain the reference data of major, minor and trace elements in coal ash 
samples. The TEFA is an energy-dispersive x-ray fluorescence system. The system 
provides simultaneous qualitative and quantitative elemental analysis ranging from atomic 
number 11 through 92.31 The analysis is nondestructive and can be repeated with highly 
accurate results. To use the TEFA, a specimen is positioned into a specimen chamber 
where it is bombarded with the output from an x-ray tube. Fluoresced x-rays from the 
specimen are detected and separated by a lithium-drifted silicon [Si(Li)] detector. A data 
processor in the system sorts the x-rays by energy, tabulates the number of x-ray counts 
for each element, converts the counts to elemental concentrations, and displays a graphic 
representation with detailed information of the spectrum on a video monitor. The display 
contour is a visual representation of the spectral data. Display manipulation, 
enhancement, and access to the spectral data is provided through a variety of controls and 
switches on a detachable keyboard. Figure 4 shows the diagram of a TEFA system. 
A LECO ICP-3000 Inductively Coupled Plasma Spectrometer was used to analyze 
the major, minor and trace elements in coal and coal ash samples.32 The LECO ICP-3000 
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Figure 4. Diagram 
Analyzer (TEFA). 
of an EG&G ORTEC Model 6140/6141 Tube Excited Fluorescence 
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consists of four central components: the ICP source, the spectrometer, the detector, and 
the main computer system. The diagram of the LECO ICP-3000 is shown in Figure 5. 
The ICP source is comprised of the torch box, the RF (radio frequency) generator, 
and the heat exchanger. The main component of the inductively coupled source is the 
torch box. It consists of a quartz torch surrounded by an induction coil which is 
connected to the RF generator. The RF generator is capable of operating at 27.12 or 
40.68 MHz (27 or 40 nominal) at power levels up to 2 kW. A flow of argon acts as the 
support gas for the plasma and as the coolant for the quartz torch. 
The spectrometer is comprised of the input optics, the preselection polychromator, 
the high resolution echelle spectrometer, an automatic mask changer, and a scanning 
controller. The detector consists of a camera and camera controller. The camera detects 
the characteristic wavelength of the elements in a sample under the direction of the 
camera controller. Figure 6 shows a schematic diagram of the spectrometer. 
A liquid sample is introduced into the nebulizer by using a peristaltic pump. The 
sample is vaporized by the nebulizer and introduced into a spray chamber, which sends 
the smaller vapor droplets into the inductively-coupled plasma as a fine aerosol. The fine 
aerosol created by the nebulizer and spray chamber is injected into the central channel of 
the ICP torch where the solvent is evaporated and the sample is atomized. 
Free atoms are excited in the plasma and emit light at wavelengths characteristic 
of the elements in the sample. The emitted lights are separated by the grating on a 
Rowland circle mount and changed to its constituent wavelengths. As the separated light 
reflects from the grating, it enters the preselection polychromator where it diverges and 
passes through a slitted mask located on the Rowland circle. 
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The slits in the mask allow selected wavelengths to pass to a concave mirror 
where they are reflected to a second grating. When the second grating reflects the light, 
it forms a quasi-white beam that travels to the echelle grating. The echelle grating 
enhances resolution by diffracting the collimated quasi-white beam. A self-scanning 
photodiode array enables the LECO ICP-3000 to quantify the elements in the sample. 
C. Experimental Procedures 
1. Air Impact Pulverizer Grinding Procedure 
a. Clean the linear parts with soap, detergents, or bleach powder between runs. 
Check all connections for leaks after the all lines are connected. 
b. Set the impacting pressure of nitrogen at 100 psi. Adjust the pressure of the 
O and P tubes to establish a feed rate of about 5 g coal per minute. 
c. Weigh 5 g of -60 mesh coal and slowly pull into the pulverizer by using a 
Mettler LV3 feeder. A simple cyclone collector was used to collect the ground 
coal from the mill. 
d. Dilute ground coal to a final concentration of 0.5% by using 0.5% Triton X-
100 surfactant. 
2. Attritor Grinding Procedure 
a. Weigh 5 g of coal sample and prepare 2 liters of 0.5% Triton X-100 surfactant. 
Mix the sample with 100 mL 0.5% Triton X-100 surfactant and 1 kg of 0.125 inch 
diameter stainless steel media in the grinding tank. 
b. Hook up the cooling water system. Set the agitator shaft speed at 300 rpm. 
Grind the mixture for 5 minutes. 
29 
c. Aliquots of the slurry are taken from the attritor and diluted to a final 
concentration of 0.5% by using 0.5% Triton X-100 surfactant. 
d. Dilute the coal slurry to 1:4 by using 0.5% Triton X-100 surfactant before 
introduction into the ICP spectrometer. 
e. NIST standards were milled in the same manner and serially diluted to prepare 
calibration standards for the ICP spectrometer. 
3. Particle Size Analysis Procedure 
a. Adjust the calibration curve by analyzing particle size check standards. 
b. Prepare a 4% sodium chloride solution as the electrolyte. 
c. Put several drops of coal slurry into 100 mL electrolyte solution. 
d. Analyze each sample three times with the particle size analyzer. Keep stirring 
during the analysis process. Use the average particle size as the final result. 
4. X-Rav Fluorescence Analysis Procedure 
a. Weigh out 0.4 g coal ash sample and mix by grinding in a mortar and pestle 
with lithium tetraborate (Li2B407). 
b. Transfer the mixture to a platinum or graphite crucible and heat at 1000°C for 
5 minutes. 
c. Pour the fused mixture into a platinum/gold dish to form a glass pellet. 
Alternatively, allow the pellet to freeze in the graphite crucible, remove and polish 
the underside with a diamond file. 
d. Load the pellet and standards into the sample tray. Record the sample position 
number. 
e. Turn on the tube excited fluorescence analyzer (TEFA). 
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f. Optimize the operating conditions for the method being used. 
g. Analyze the samples. 
5. ICP Analysis Procedure 
a. Use the 0.5% Triton X-100 surfactant as the blank solution. Prepare 
calibration standards and sample solutions. 
b. Install a modified Babington high solids nebulizer and a double pass spray 
chamber. 
c. Turn on the ICP, the torch, and allow the instrument to stabilize for 10-15 
minutes. 
d. Stir the slurry sample by a motor-driven glass stirring rod. 
e. Deliver the coal slurry sample to the nebulizer by a ten roller peristaltic pump. 
f. Analyze the samples according the method protocol. 
HI. RESULTS AND DISCUSSION 
A. Coal Grinding Procedures 
In attempts to eliminate lengthy ashing, and ash dissolution procedures, we tried 
to direct inject water slurries of coal or powdered ash sample into an ICP system. 
Normally, the particle size of the coal sample for laboratory analysis is -60 mesh (250 
jim), which is too large for direct injection into an ICP. The first step of this research 
project is to develop a coal grinding method that can reduce coal particle size efficiently. 
1. Coal Grinding by Attritor Mill 
We studied 85091 coal using an UNION PROCESS Model 01-HD Attritor to 
reach the small particle sizes. Five grams of 85091 coal was mixed with 100 mL 0.5% 
Triton X-100 surfactant, and 1 kg of 1/6 inch diameter stainless steel media. The coal 
was placed in a stationary tank with the grinding media, coal and media were then 
agitated by a shaft, rotating at high speed (300 rpm). This procedure caused the media 
to exert both shearing and impact forces on the material. Using two drops of coal slurry 
for different grinding times we analyzed particle sizes using an ELZONE Model 280 PC 
particle size analyzer. 
Table 2 lists the average 85091 coal particle sizes from different grinding times. 
The particle sizes of 85091 coal was still over 38 microns after 40 minutes of grinding. 
After grinding 60 minutes, the particle size of 85091 coal decreased rapidly from 38 to 
5.8 microns. There was no large reduction in particle size of 85091 coal after 60 minutes 
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Table 2. Particle Sizes of 85091 Coal vs. Grinding 
Time Obtained From the Attritor Mill 
Grinding Time (min) Average Particle Size (micron) 
10 > 38.000 
40 > 38.000 
60 5.800 
80 4.970 
100 4.564 
120 3.494 
140 3.617 
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grinding, as is illustrated in Figure 7. This figure plots particle size of 85091 coal as a 
function of grinding time by the attritor mill. Each value represents the average of 3 
trials. The particle size of 85091 coal decreased as the grinding time increase until 140 
minutes, when the particle size of the coal slightly increased from 3.494 microns (120 
minutes grinding by attritor) to 3.617 microns (140 minutes grinding by attritor). The 
reason that the particle size of 85091 coal increased after 120 minutes grinding is the 
agglomeration of the coal particles after extended grinding. Based on this observation, 
120 minutes grinding time for 85091 coal could be chosen as the maximum grinding time. 
However, after extended milling, only hard particles can be crushed to smaller sizes, while 
the soft particles just reshape themselves. Also, after long grinding times, the extrusion 
of oil bitumen from the coal's pore structure will affect the ion emission intensity of the 
ICP analysis. It is not advisable to grind coal over 60 minutes to reduce particle size. 
2. Ash Grinding by Attritor Mill 
Coal ash is the residue of metal oxides from the combustion of coal and is hard 
enough to be ground with an attritor mill. The mixed 86026/86027 coal ash (1:3) was 
studied first. Five grams of mixed 86026/86027 coal ash (1:3) was put into 100 mL 0.5% 
Triton X-100 surfactant, and ground for 5 minutes at 300 rpm. The particle size of milled 
86026/86027 coal ash (1:3) was determined by an ELZONE Model 280 PC particle size 
analyzer. Table 3 shows the relationship between particle size and grinding time for 
mixed 86026/86027 coal ash (1:3). After 20 minutes grinding, the particle size of mixed 
86026/ 86027 coal ash (1:3) was reduced to 3.965 microns. After 40 minutes grinding, 
the particle size of mixed 86026/86027 coal ash (1:3) was reduced to 4.017 microns. 
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Table 3. Particle Sizes of Coal Ash 86026/86027 (1:3) 
Obtained From Attritor Mill 
Grinding Time (min) Average Particle Size (micron) 
20 3.97 
40 4.017 
Based on this observation, 20 minutes appears to be the optimum grinding time for coal 
ash samples. 
In order to determine the accuracy of the ICP analysis, National Institute for 
Standards and Technology (NIST) standards burnt refractory 76a, 77a, 78a, and British 
Chemical Standards (BCS) standards No. 382, No. 382/1 were also ground by the attritor. 
Five grams of each standard were mixed with 100 mL of 0.5% Triton X-100 surfactant 
and 1 kg stainless steel media, and ground at 300 rpm. The grinding time was 20 
minutes. Particle sizes were measured with an ELZONE PC Model 280 particle size 
analyzer. 
3. Coal Grinding by an Air Impact Pulverizer 
A GARLOCK Trost Model GEM T Air Impact Pulverizer was used to grind the 
coal samples from -60 mesh (250 |am) to micron sizes. The impact power of the Trost 
Pulverizer is from opposing jet streams of fluid energy. Larger particles move to the 
outer perimeter of the chamber through centrifugal force, and travel down the downstack 
and through for further impact and fracture. Fine particles move toward the center of the 
classification chamber and are discharged into collectors. Air impact pulverizers can 
handle difficult and abrasive materials without contamination, and with no heat 
generation. The fluid energy used in this study was nitrogen. Coal was fed into the 
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pulverizer by using a Mettler LV3 feeder. The final ground coal was collected by a 
cyclone collector. By using 85091 coal, we tried to find the optimum impact pressure for 
air impact pulverizer. Table 4 shows the results of particle size of 85091 coal obtained 
with different impact pressures. The particle sizes of 85091 coal decreased by increasing 
the impact pressure. At the pressure of 20 psi, the 85091 coal was reduced rapidly to 
12.833 microns from -60 mesh (250 microns). The data suggested using high impact 
pressure to grind 85091 coal when particle sizes under 10 microns are desired. The 
particle size of 85091 coal was not reduced efficiently until the impact pressure was 
raised higher than 30 psi. The highest pressure used in this study was 100 psi, and the 
smallest particle size of 85091 coal reached was 4.609 microns. Figure 8 shows the 
relationship between the particle size and impact pressure. The optimum grinding 
pressure was determined to be 100 psi for this study. 
Table 5 lists the particle sizes of six coals obtained with the air impact pulverizer. 
The coal starting size was -60 mesh (250 microns). Impact pressure was 100 psi and the 
impact energy was nitrogen. The particle sizes were analyzed with an ELZONE Model 
280 PC particle size analyzer. From Table 5, the average particle size of six coals was 
between 5-6 microns, which is suitable for direct injection into the ICP system. 
B. X-Ray Fluorescence (XRF) Analysis Experiments 
Major and minor elemental analyses of the six coal ashes were carried out using 
an energy-dispersive x-ray fluorescence (XRF) spectrometer following ASTM Method D 
4326. An EG&G ORTEC 6140/6141 tube excited fluorescence analyzer (TEFA) was 
used. The x-ray fluorescence (XRF) system provides simultaneous qualitative and 
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Table 4. Particle Size of 85091 Coal Obtained 
with the Air Impact Pulverizer 
Pressure (psi) Average Particle Size (microns) 
20 12.83 
30 9.26 
40 7.52 
50 7.017 
60 6.25 
70 5.59 
80 5.034 
100 4.61 
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Table 5. Particle Size of Six Coals Obtained 
From Air Impact Pulverizer 
Coal No 
86026 
86027 
86039 
82045 
86046 
Mean Size (micron) 
4.003 
5.042 
5.64 
5.74 
5.68 
85091 5.36 
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quantitative elemental analysis. The analysis is nondestructive and can be repeated with 
highly accurate results. The TEFA system was calibrated with reference standards, all 
uniformly prepared by fusion with lithium tetraborate. The pellet sample was irradiated 
by an x-ray beam of short wavelength (high energy). The characteristic x-rays of the 
atoms that are emitted or fluoresced upon absorption of the primary or incident x-ray are 
dispersed and intensities at selected wavelengths are measured by sensitive detectors. The 
concentrations of major, minor, and trace elements such as silicon (Si), potassium (K), 
calcium (Ca), magnesium (Mg), titanium (Ti), iron (Fe), sodium (Na), aluminum (Al), 
strontium (Sr), manganese (Mn) in the six coal ash were determined by tube excited 
fluorescence analyzer (TEFA). Table 6 summarizes the elemental analysis data for six 
coal ashes obtained with the TEFA system. All the values are reported on a dry basis. 
For these coals, the silicon (Si) content ranged from 0.960% to 3.667%; the 
potassium (K) content ranged from 0.008% to 0.254%; the calcium (Ca) content ranged 
from 0.205% to 1.802%; the titanium (Ti) content ranged from 0.009% to 0.428%; the 
iron (Fe) content ranged from 0.242% to 0.562%; the sodium (Na) content ranged from 
0.035% to 0.130%; the magnesium (Mg) content ranged from 0.058% to 0.595%; the 
aluminum (Al) content ranged from 0.483% to 2.341%; the strontium (Sr) content ranged 
from 0.012% to 0.047%; and the manganese (Mn) content ranged from 0.001% to 
0.003%. 
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Table 6. Concentrations of Elements in Six Coals 
as Determined by ASTM Method D 4326 
Element 82045 85091 86026 86027 86039 86046 
Si 0.96 3.32 1.089 3.67 1.58 2.49 
K 0.008 0.13 0.067 0.25 0.037 0.17 
Ca 1.20 1.45 0.40 1.80 1.22 0.21 
Ti 0.009 0.099 0.43 0.094 0.062 0.11 
Fe 0.24 0.38 0.52 0.56 0.41 0.39 
Na 0.048 0.083 0.035 0.13 0.083 0.050 
Mg 0.17 0.11 0.058 0.16 0.60 0.067 
Al 0.48 1.75 0.79 2.34 0.82 1.37 
Sr 0.017 0.047 0.012 0.026 0.018 0.034 
Mn 0.0012 0.0020 0.0019 0.0073 0.0029 0.0013 
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C. ICP Analysis Experiments 
1. Coal Slurry ICP Analysis 
Elemental analysis of six coals ground by two different methods was studied by 
ICP Spectrometry. The attritor grinding method is to grind the mixture of 5 g coal, 100 
mL 0.5% Triton X-100 surfactant and 1 kg stainless steel media for 5 minutes at 300 rpm 
grinding speed. Using nitrogen as the fluid energy to impact the coal in an air impact 
pulverizer at high pressure (100 psi) is another grinding method. The NIST 1632b coal 
standard was ground in the same manner by the attritor mill and serially diluted to prepare 
calibration standards for the ICP spectrometer. A LECO ICP-3000 ICP Spectrometer was 
used to analyze major, minor, and trace elements in the six coals. Analytical emission 
lines used were Ca (393.366 nm), Fe (239.562 nm), Mg (285.213 nm), Al (289.436), Mn 
(260.569 nm), Si (288.158 nm), Ti (334.941 nm), Na (589.591 nm), K (766.489 nm), and 
Sr (407.770 nm). Optimization of operating conditions of the ICP spectrometer was 
studied during the analysis. 
Concentrations of Si, K, Ca, Ti, Fe, Na, Mg, Al, Sr, and Mn determined by 
coal/water slurry ICP analysis in the six coals using two different grinding methods, as 
well as the XRF analysis values, are listed in the following six tables. Table 7 lists the 
coal slurry ICP analysis values and XRF analysis values for 86026 coal. Figure 9 shows 
the percent relative error (%RE) of ICP analysis values compared to XRF analysis values 
for 86026 coal. From Figure 9, Fe, Na, Al, and Sr show good agreement between XRF 
analysis and ICP analysis values for attritor milled and air impact pulverizer milled 
samples. The reason for better ICP analysis results for coal/water slurries obtained using 
attritor mill and air impact pulverizer methods is the higher sensitivity of elements such 
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Table 7. Slurry ICP Analysis Values of 86026 Coal Obtained From Attritor 
Milled and Air Impact Pulverizer Samples vs. XRF Analysis Values 
ICP Value ICP Value 
Element XRF Value by Attritor % RE by AIP % RE 
Si 1.089 0.0002 -99.98 0.0002 -99.98 
K 0.067 0.050 -25.37 0.024 -64.18 
Ca 0.40 0.24 -40.00 0.094 -76.50 
Ti 0.43 0.094 -78.04 0.12 -71.26 
Fe 0.52 0.52 0.58 0.43 -16.80 
Na 0.035 0.035 0.00 0.030 -14.29 
Mg 0.058 0.047 -18.97 0.029 -50.00 
Al 0.79 0.89 12.66 0.74 -6.08 
Sr 0.012 0.013 8.33 0.012 0.00 
Mn 0.002 0.001 -50.00 0.0005 -75.00 
% RE: percent relative error 
AIP: Air Impact Pulverizer 
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as Fe, Na, Al, and Sr during ICP analysis. Figure 9 also shows the poorest agreement 
between XRF analysis and ICP analysis data is for element Si because Si can not be 
analyzed in coal with large particle sizes. The percent relative error for ICP analysis 
values and XRF analysis values of K, Ca, Na, Mg, Al, and Mn in 86026 coal ground by 
the attritor mill is lower than those obtained using the air impact method. The titanium 
analysis value for 86026 coal using the air impact grinding method is a little better than 
the value for the attritor grinding method. Based on the data in Table 7, we can say that 
for 86026 coal slurry ICP analysis, the attritor grinding method is more efficient than the 
air impact pulverizer method. 
Table 8 summarizes the concentration of ten elements for 86027 coal, as 
determined by XRF analysis and ICP analysis. Figure 10 shows the percent relative error 
for ICP analysis values obtained from the attritor mill and air impact pulverizer grinding 
methods vs. XRF analysis values for 86027 coal. The percent relative error is lower to -
99.98% and higher to -31.91% for 86027 coal. One reason for the coal slurry ICP 
analysis values being higher, or lower, may be the fact that the spectrometer was 
calibrated with a slurry of NIST standard 1632b. Any differences between the milling 
characteristics of the standard and the coals used in the study would lead to differences 
in the analysis results. Figure 10 also shows poor agreement for 86027 coal in Si, Ca, 
and Na in coal 86027 obtained by XRF analysis vs. ICP analysis by attritor and air 
impact pulverizer grinding methods. The reason for the poor agreement is probably due 
to interference by other elements. For 86027 coal, Figure 10 illustrates the ICP analysis 
data for coal slurries prepared by the air impact pulverizer grinding method is better than 
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Table 8. Slurry ICP Analysis Values of 86027 Coal Obtained From Attritor 
Milled and Air Impact Pulverizer Samples vs. XRF Analysis Values 
ICP Value ICP Value 
Element XRF Value by Attritor % RE by AIP % RE 
Si 3.67 0.0005 -99.99 0.0006 -99.98 
K 0.25 0.050 -80.31 0.17 -31.89 
Ca 1.80 0.20 -88.96 0.46 -74.25 
Ti 0.094 0.088 -6.38 0.12 31.91 
Fe 0.56 0.33 -41.64 0.49 -13.35 
Na 0.13 0.020 -84.62 0.030 -76.92 
Mg 0.16 0.13 -20.00 0.020 26.25 
Al 2.34 1.76 -24.77 2.70 15.37 
Sr 0.026 0.008 -69.23 0.018 -30.77 
Mn 0.007 0.001 -85.71 0.003 -57.14 
% RE: percent relative error 
AIP: Air Impact Pulverizer 
%RE 
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the ICP analysis data for coal slurries prepared by the attritor grinding method for most 
elements. 
Table 9 gives the concentration of ten elements in 86039 coal obtained by XRF 
analysis and ICP analysis. Figure 11 shows the percent relative error for 86039 coal 
obtained for the ICP analysis for the attritor milled and air impact pulverizer grinding 
methods vs. XRF analysis data. For elements such as K, Ti, and Al, the ICP analysis 
values obtained for the attritor grinding method is much closer to the XRF analysis values 
than the ICP values obtained by air impact pulverizer grinding method. For Fe in 86039 
coal, the ICP analysis value obtained by the air impact pulverizer grinding method is 
closer to the XRF analysis values than those ICP analysis values obtained by the attritor 
rinding method. Silicon results still show the poorest agreement to XRF analysis values. 
Figure 11 shows that some elements are suitable for ICP analysis using the attritor 
grinding method, while some are suitable using the air impact grinding method. 
Table 10 shows a comparison between the ICP analysis values obtained from 
attritor and air impact pulverizer grinding methods and XRF analysis values for 86046 
coal. The percent relative error obtained by ICP analysis for the attritor and air impact 
pulverizer grinding methods vs. XRF analysis for 86046 coal are shown in Figure 12. 
Almost all the ICP analysis values obtained by the air impact pulverizer grinding method 
are better than the ICP analysis values obtained by the attritor grinding method. The 
reason is that 86046 coal can be ground to smaller particle sizes by the air impact 
pulverizer grinding method, leading to a good sample introduction into the ICP 
spectrometer. 
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Table 9. Slurry ICP Analysis Values of 86039 Coal Obtained From Attritor Milled 
and Air Impact Pulverizer Samples vs. XRF Analysis Values 
ICP Value ICP Value 
Element XRF Value by Attritor % RE by AIP % RE 
Si 1.58 0.0002 -99.99 0.0002 -99.99 
K 0.037 0.027 -27.03 0.093 151.35 
Ca 1.22 0.12 -90.20 0.29 -76.39 
Ti 0.062 0.048 -22.58 0.094 51.61 
Fe 0.41 0.18 -56.90 0.32 -21.92 
Na 0.083 0.045 -45.78 0.023 -72.29 
Mg 0.60 0.068 -88.57 0.093 -84.44 
Al 0.82 0.62 -24.30 1.18 44.32 
Sr 0.018 0.00 -72.22 0.011 -38.89 
Mn 0.003 0.0008 -73.33 0.0006 -80.00 
% RE: percent relative error 
AIP: Air Impact Pulverizer 
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Figure 11. %RE for ICP analysis values vs. XRF analysis values for 86039 coal. 
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Table 10. Slurry ICP Analysis Values of 86046 Coal Obtained From Attritor Milled 
and Air Impact Pulverizer Samples vs. XRF Analysis Values 
ICP Value ICP Value 
Element XRF Value by Attritor % RE by AIP % RE 
Si 2.49 0.0003 -99.99 0.0007 -99.97 
K 0.17 0.012 -92.86 0.009 -94.64 
Ca 0.21 0.062 -69.76 0.11 -48.29 
Ti 0.11 0.046 -56.60 0.13 17.92 
Fe 0.39 0.20 -50.51 0.30 -23.86 
Na 0.050 0.020 -60.00 0.020 -60.00 
Mg 0.070 0.011 -84.29 0.030 -57.14 
Al 1.37 0.51 -62.26 1.15 -16.45 
Sr 0.034 0.011 -67.65 0.015 -55.88 
Mn 0.001 0.0003 -70.00 0.0004 -60.00 
% RE: percent relative error 
AIP: Air Impact Pulverizer 
%RE 
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The slurry ICP analysis values obtained from the attritor and air impact pulverizer 
grinding methods and XRF analysis values for 85091 coal are given in Table 11. Figure 
13 also shows the percent relative error of 85091 coal for ICP analysis data vs. XRF 
analysis data. The elemental analysis results of K, Ca, Fe, Na, Mg, Sr, and Mn in 85091 
coal ground by the air impact pulverizer grinding method are better than those ground by 
the attritor grinding method. Titanium and aluminum ICP analysis values for 85091 coal 
ground by the attritor are better than those values from grinding by the air impact 
pulverizer. For both the attritor and air impact pulverizer grinding methods, the ICP 
analysis values for silicon show the poorest agreement of all elements. 
The concentrations of ten elements for 82045 coal obtained by XRF analysis and 
ICP analysis are listed in Table 12. The percent relative error for ICP analysis values 
from the attritor and air impact pulverizer grinding methods vs. XRF analysis values are 
shown in Figure 14. From Figure 14, one can see that the ICP analysis values for 
potassium, titanium, sodium, and aluminum obtained by the attritor grinding method are 
closer to the XRF data than those obtained by the air impact grinding method. The ICP 
analysis values for calcium, iron, magnesium, strontium, and manganese for 82045 coal 
by the air impact pulverizer grinding method are closer to the XRF analysis data than 
those by the attritor grinding method. 
From the study of ICP analysis of the six coal slurries prepared by both the attritor 
and air impact pulverizer grinding methods, the results only show the Fe ICP analysis 
data to be close to the XRF analysis results. Because coal is a soft material, soft particles 
tend to "reshape" themselves instead of breaking into smaller pieces. Coal ground by the 
attritor mill will result in some large size particles in the slurry produced by soft 
54 
Table 11. Slurry ICP Analysis Values of 85091 Coal Obtained From Attritor Milled 
and Air Impact Pulverizer Samples vs. XRF Analysis Values 
ICP Value ICP Value 
Element XRF Value by Attritor % RE by AIP % RE 
Si 3.32 0.001 -99.97 0.0005 -99.98 
K 0.13 0.022 -83.21 0.13 -4.60 
Ca 1.45 0.12 -91.75 0.35 -76.13 
Ti 0.099 0.11 7.07 0.11 7.07 
» 
Fe 0.38 0.27 -28.80 0.38 -0.80 
Na 0.083 0.020 -75.90 0.028 -66.27 
Mg 0.11 0.044 -60.36 0.11 -2.70 
Al 1.75 1.56 -10.91 2.062 48.60 
Sr 0.047 0.012 -74.47 0.031 -34.04 
Mn 0.002 0.0005 -75.00 0.0006 -70.00 
% RE: percent relative error 
AIP: Air Impact Pulverizer 
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Table 12. Slurry ICP Analysis Values of 82045 Coal Obtained From Attritor Milled 
and Air Impact Pulverizer Samples vs. XRF Analysis Values 
ICP Value ICP Value 
Element XRF Value by Attritor % RE by AIP % RE 
Si 0.96 0.0001 -100.0 0.0001 -99.99 
K 0.008 0.025 -212.5 0.12 1125.0 
Ca 1.20 0.10 -91.48 0.37 -68.76 
Ti 0.009 0.011 22.22 0.11 1133.0 
Fe 0.24 0.12 -52.07 0.26 8.26 
Na 0.048 0.053 10.42 0.027 -43.75 
Mg 0.17 0.041 -76.02 0.088 -48.54 
Al 0.48 0.43 -11.59 1.12 157.0 
Sr 0.017 0.004 -76.47 0.015 -11.76 
Mn 0.0012 0.0004 -66.67 0.0006 -50.00 
% RE: percent relative error 
AIP: Air Impact Pulverizer 
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materials. Ground coal with desirable size are the fragments of "hard" coal particles and 
the "soft" particles still remaining in the grinding tank. This will cause the analysis 
results not to represent the whole coal but the "hard" part. 
It is difficult to deliver large size particles to the ICP mixing chamber and torch. 
Larger size particle sizes of coal slurries result in incomplete analysis for elemental 
content. From the ICP coal slurries analysis results, the ICP analysis data for attritor 
grinding method and air impact pulverizer grinding method are fairly close in agreement. 
The attritor grinding method is an economical and efficient method for making coal 
slurries. In the later studies of coal ash slurries and standard slurries ICP analysis, we 
chose the attritor mill to grind the samples. 
2. Coal Ash Slurry ICP Analysis 
Based on the coal-slurry ICP analysis data, the percent relative error of ICP 
analysis values vs. XRF analysis values for six coals shows poor agreement. Coal is a 
soft material and can not be ground well before being introduced into the ICP 
spectrometer. In order to improve the accuracy of solid/water slurry ICP method, five 
coal ashes were studied. Coal ash is prepared by heating the coal in a muffle furnace at 
750°C for several hours. Through the combustion, all the oily materials are burned and 
all metals are converted to metal oxides. Coal ash is much easier to grind to smaller 
particle sizes than raw coal. 
Coal ash slurries were ground by the attritor mill. A 5 gram sample of coal ash 
was mixed with 100 mL of 0.5% Triton X-100 surfactant and 1 kg of stainless steel 
media, and ground at 300 rpm for 20 minutes. The particle sizes of ground ash was 
between 3-4 microns before it was introduced into the ICP spectrometer. NIST 1633a fly 
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ash standard was ground in the same manner, and serially diluted to prepare the 
calibration standards. The reference values for the elemental analysis of the coal ashes 
were determined by XRF spectroscopy using ASTM Method D 4326. 
Table 13 shows the comparison of 86026/86027 coal ash (1:3) ICP analysis values 
vs. XRF analysis values. Figure 15 gives the percent relative error for 86026/86027 coal 
ash (1:3) determined by ICP and XRF methods. From Table 13, one can see silicon, 
calcium, titanium, iron, sodium, aluminum, and manganese ICP analysis values show good 
agreement to XRF analysis values. The reason for the good agreement is efficient 
ionization of these elements in the ICP spectrometer. The particle size is small, so almost 
all the sample can be delivered to the ICP mixing chamber and torch. Poor agreement 
was obtained for potassium and magnesium. The reason for the poor agreement is 
probably due to the interference from silicon lines which it is not blocked by the ICP 
multielement mask. Strontium shows the poorest agreement for 86026/86027 coal ash 
ICP analysis compared to XRF analysis data. Strontium is a trace element in coal ash, 
it has very low content, and is not easy to measure with the ICP or XRF spectrometers. 
The ICP and XRF analysis values of 86027/85091 coal ash (3:1) are summarized 
in Table 14. Percent relative error for ICP analysis vs. XRF analysis for 86027/85091 
coal ash (3:1) is also shown in Figure 16. The same type of results obtained for the 
86026/86027 coal ash for silicon, calcium, aluminum, and manganese were obtained for 
the 86027/85091 coal ash (3:1), which are very close to the XRF analysis data. 
Potassium, titanium, iron, and magnesium show fairly good agreement between the ICP 
analysis values and the XRF analysis values. Strontium still shows the poorest agreement 
of all elements. The reason the ICP analysis values are higher, or lower, is probably 
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Table 13. Slurry ICP Analysis Values for 86026/86027 
Coal Ash (1:3) vs. XRF Analysis Values 
Elements XRF Values ICP Values %RE 
Si 18.84 17.74 -5.85 
K 1.34 1.95 45.92 
Ca 9.20 7.89 -14.33 
Ti 0.53 0.39 -25.71 
Fe 3.38 4.018 12.39 
Na 0.69 0.78 14.06 
Mg 0.84 1.47 74.14 
Al 13.38 13.98 4.54 
Sr 0.14 0.41 189.51 
Mn 0.047 0.037 -21.28 
%RE: percent relative error 
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Figure 15. %RE for ICP analysis values vs. XRF analysis values for 86026/86027 (1:3) 
coal ash. 
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Table 14. Slurry ICP Analysis Values for 86027/85091 
Coal Ash (3:1) vs. XRF Analysis Values 
Elements XRF Values ICP Values %RE 
Si 19.00 19.42 2.21 
K 1.23 1.75 42.69 
Ca 9.69 10.91 12.67 
Ti 0.51 0.68 34.25 
Fe 2.90 1.72 -40.77 
Na 0.66 0.43 -34.61 
Mg 0.88 1.35 54.11 
Al 11.78 11.44 -3.00 
Sr 0.17 0.33 91.33 
Mn 0.040 0.041 2.50 
%RE: percent relative error 
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Figure 16. %RE for ICP analysis values vs. XRF analysis values for 86027/85091 (3:1) 
coal ash. 
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because the ICP spectrometer was calibrated with a NIST 1633a standard. There are 
differences in characteristics between the 1633a standard and coal ash samples, which 
would lead to differences in the analysis results. Another probable reason is the loss of 
elements during the sample preparation. 
Elemental analysis data for 86039/86046 coal ash (3:1) obtained from ICP and 
XRF analysis are listed in Table 15. Figure 17 gives the percent relative error for the ICP 
analysis results vs. the XRF analysis data for 86039/86046 coal ash (3:1). From Figure 
17, one can see that elements such as silicon, potassium, calcium, titanium, iron, and 
magnesium show low percent relative error. Sodium and aluminum have higher percent 
relative error. 
Table 16 shows a comparison between the ten elements results for 86039/82045 
coal ash (1:3) determined by the slurry ICP analysis method and by the XRF analysis 
method. The percent relative error for the ICP analysis vs. the XRF analysis values for 
86039/82045 coal ash (1:3) is listed in Figure 18. Figure 18 shows good agreement for 
ICP and XRF results for silicon, iron, and manganese. Alkali metals such as sodium and 
potassium have high percent relative error between the ICP and XRF results. One reason 
for high percent relative error for ICP and XRF analysis is that these elements are the 
volatile metals and may be lost in ashing procedures. Other elements such as titanium, 
aluminum, and strontium also show poor agreement between ICP and XRF results for the 
86039/82045 coal ash (1:3). 
The slurry ICP analysis values and XRF analysis values for 85091/86039 coal ash 
(1:3) are listed in Table 17. Figure 19 summarizes the percent relative error for ten 
elements comparing ICP analysis and XRF analysis data for 85091/86039 coal ash (1:3). 
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Table 15. Slurry ICP Analysis Values for 86039/86046 
Coal Ash (3:1) vs. XRF Analysis Values 
Elements XRF Values ICP Values %RE 
Si 17.15 18.012 5.04 
K 0.76 0.96 26.82 
Ca 9.30 8.57 -7.78 
Ti 0.76 0.96 26.82 
Fe 4.076 4.94 21.22 
Na 1.019 0.22 -78.06 
Mg 1.64 1.42 -13.02 
Al 11.93 20.79 74.33 
Sr 0.23 0.65 179.74 
Mn 0.022 0.013 -40.91 
%RE: percent relative error 
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Figure 17. %RE for ICP analysis values vs. XRF analysis values for 86039/86046 (3:1) 
coal ash. 
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Table 16. Slurry ICP Analysis Values for 86039/82045 
Coal Ash (1:3) vs. XRF Analysis Values 
Elements XRF Values ICP Values %RE 
Si 13.35 14.64 9.66 
K 0.20 0.89 355.38 
Ca 15.96 22.82 43.00 
Ti 0.65 1.28 95.71 
Fe 3.81 2.67 -29.91 
Na 0.99 0.22 -77.78 
Mg 7.51 4.71 -37.34 
Al 7.36 25.36 244.44 
Sr 0.23 0.81 250.43 
Mn 0.050 0.057 14.00 
%RE: percent relative error 
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Figure 18. 
coal ash. 
%RE for ICP analysis values vs. XRF analysis values for 86039/82045 (1:3) 
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Table 17. Slurry ICP Analysis Values for 85091/86039 
Coal Ash (1:3) vs. XRF Analysis Values 
Elements XRF Values ICP Values %RE 
Si 16.25 16.13 -0.71 
K 0.700 1.034 47.71 
Ca 11.15 8.011 -28.18 
Ti 0.61 0.79 29.32 
Fe 3.66 3.74 2.16 
Na 0.71 0.22 -68.64 
Mg 1.90 1.97 3.79 
Al 9.26 17.24 86.22 
Sr 0.23 0.81 250.43 
Mn 0.029 0.028 -3.45 
%RE: percent relative error 
70 
Figure 19. %RE for ICP analysis values vs. XRF analysis values for 85091/86039 (1:3) 
coal ash. 
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From Figure 19, one can see excellent agreement for ICP and XRF results for silicon, 
iron, magnesium and manganese. Element such as potassium, calcium, and titanium 
obtained by ICP analysis show fairly good agreements to the XRF analysis data. The 
poorest agreement between ICP analysis and XRF analysis data for 85091/86039 coal ash 
is for sodium, aluminum, and strontium. 
We studied five mixed coal ash samples prepared by attritor milling for ICP 
analysis. The results for Si, Ca, Fe, and Mn, obtained by ICP analysis, show good 
agreement with XRF analysis results. Coal ash is not as soft a material as coal; it is more 
easily ground to smaller particle sizes and more easily delivered into the mixing chamber 
and ICP torch. Also, coal ash is prepared by high temperature combustion — the oily and 
volatile materials in coal are burned during this process. Because the XRF data is for the 
reference method, we studied standards by using standard values provided in next part of 
our work. We chose NIST 1633a standard as our calibration standard. Because 1633a 
is different in material characteristics from with our coal ash samples, it would lead to 
differences in the ICP analysis results. 
3. NIST and BCS Standards ICP Analysis 
Because the reference data for coal and coal ash discussed above were obtained 
from XRF data, and may show some deviation, 3 NIST (National Institute for Standards 
and Technology) burnt refractory standards and 2 BCS (British Chemical Standards) basic 
slag standards were studied with the ICP spectrometer. All standards were ground by the 
attritor mill. Water slurries of standards were prepared by mixing 5 g of standards, 1 kg 
of stainless steel media, and 100 mL 0.5% Triton X-100 surfactant, with grinding at 300 
rpm for 20 minutes. The final particle sizes of the standards were 2-3 microns. NIST 
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1633a fly ash standard was ground in the same manner and serially diluted to prepare 
calibration standards. 
Table 18 shows the comparison between the standard values and slurry ICP 
analysis values for NIST 76a standard. Figure 20 gives the relative standard deviation 
for ICP analysis values vs. standard values of NIST 76a. From Figure 20, one can see 
that the agreement between slurry ICP analysis values and standard values are best for 
silicon, titanium, aluminum and strontium. The agreement is poorest for iron (Fe) and 
sodium (Na). The reason for this poor agreement is probably due to the fact the ICP 
spectrometer was calibrated with NIST 1633a standard. NIST 76a standard and NIST 
1633a standard are two different kinds of materials. NIST 1633a standard is coal ash and 
NIST 76a is burnt refractory. The difference in characteristics between NIST 1633a and 
NIST 76a can result in large difference in results. 
NIST 77a standard values and slurry ICP analysis values are listed in Table 19. 
The percent relative error of NIST 77a slurry ICP analysis values vs. standard values are 
shown in Figure 21. The results for Si, Al, and Ti show good agreement with the 
standard values. The poor performance of Ca is probably due to an interference from Si 
that is not blocked by the ICP multielement mask prepared for the simultaneous analysis. 
Table 20 summarizes the comparison of standard values and slurry ICP analysis 
values for NIST 78a standard. Figure 22 gives the percent relative error for slurry ICP 
analysis data vs. standard values. From Figure 22, one can see that the ICP analysis 
results for silicon, potassium, titanium, sodium, magnesium, and aluminum show good 
agreement to the NIST 78a standard values. Calcium and iron show high percent relative 
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Table 18. Slurry ICP Analysis Values for NIST 76a 
Standard vs. Standard Values 
Elements True Values ICP Values %RE 
Si 25.62 26.37 2.90 
K 1.10 0.53 43.57 
Ca 0.16 0.20 28.03 
Ti 1.22 1.42 16.58 
Fe 1.12 1.98 77.14 
Na 0.052 0.020 160.00 
Mg 0.31 0.46 47.44 
Al 20.49 23.44 14.39 
Sr 0.031 0.037 19.35 
%RE: percent relative error 
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Table 19. Slurry ICP Analysis Values for NIST 77a 
Standard vs. Standard Values 
Elements True Values ICP Values %RE 
Si 16.34 16.81 2.09 
K 0.075 0.45 497.33 
Ca 0.036 0.18 4111.0 
Ti 1.60 1.53 -4.44 
Fe 0.700 1.70 142.00 
Na 0.027 0.013 107.70 
Mg 0.23 0.35 53.95 
Al 31.87 36.70 15.14 
Sr 0.008 0.011 59.26 
%RE: percent relative error 
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Table 20. Slurry ICP Analysis Values for NIST 78a 
Standard vs. Standard Values 
Elements True Values ICP Values %RE 
Si 9.054 9.15 1.08 
K 1.012 0.77 -23.52 
Ca 0.079 0.28 248.00 
Ti 1.93 1.52 -21.53 
Fe 0.84 2.97 254.00 
Na 0.058 0.038 -34.32 
Mg 0.42 0.46 9.76 
Al 37.96 44.49 17.21 
Sr 0.21 0.30 43.40 
%RE: percent relative error 
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error between ICP analysis data and standard values. The reason may be the interference 
of silicon during the multielement analysis. 
BCS No. 382 basic slag standard values and its slurry ICP analysis values are 
shown in Table 21. The percent relative error for ICP analysis values and standard values 
is given in Figure 23. In Figure 23, the percent relative error for ICP analysis and 
standard values is as low as to -4.21% for silicon and as high as to 61.90% for aluminum. 
The standard values for BCS No. 382/1 basic slag and its slurry ICP analysis 
values are listed in Table 22. Figure 24 also shows the percent relative error for slurry 
ICP analysis values for BCS No. 382/1 vs. standard values. The elements such as Ca, Fe, 
Mg, and Si show good agreement between the ICP analysis results and standard values. 
The percent relative error for ICP results and standard values for aluminum is 714.26%. 
One reason for this error may be the fact that the spectrometer was calibrated with a 
slurry of NIST standard 1633 a. Any differences between the milling characteristics of the 
NIST 1633a standard and the BCS standards would lead to differences in the analysis 
results. 
Five standards were studied by slurry ICP analysis. All the results came out close 
to standard values except for sodium and potassium. After improving the grinding 
method, the ICP sample delivery system, the system for block out interference, and better 
materials for calibration standards, the direct introduction method for ICP analysis may 
be applicable to many types of analysis. 
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Table 21. Slurry ICP Analysis Values for BCS No. 382 
Standard vs. Standard Values 
Elements True Values ICP Values %RE 
Si 9.10 8.72 -4.21 
Ca 23.57 23.15 6.40 
Ti 0.30 0.41 35.67 
Fe 11.60 12.34 6.34 
Mg 6.42 5.27 -17.91 
Al 3.98 6.44 61.90 
Mn 7.13 4.14 -41.90 
%RE: percent relative error 
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Table 22. Slurry ICP Analysis Values for BCS No. 382/1 
Standard vs. Standard Values 
Elements True Values ICP Values %RE 
Si 6.081 6.57 8.06 
Ca 28.64 23.30 -18.65 
Ti 0.25 0.14 -45.24 
Fe 19.90 18.03 -9.40 
Mg 2.24 2.23 -0.40 
Al 2.006 16.33 714.26 
Mn 6.17 9.34 51.52 
%RE: percent relative error 
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IV. FURTHER WORK 
The analysis of aqueous slurries of solids by direct injection into an ICP 
spectrometer can be improved as follows: 
1. Because of the poor ICP results obtained for coal-water slurries, the grinding 
method for raw coal needs to be improved. The results show that the stirred-ball 
attritor grinding method and air impact mill method are not suitable for coal 
grinding. Using some other grinding method may help solve this problem. 
2. The Babington high solids nebulizer used in this study is not efficient and 
needs to be improved for solids/water slurry ICP analysis. Optimization of 
operating conditions of the LECO ICP-3000 such as sample uptake rate and 
pumping rate needs to be improved. 
3. Calibration materials chosen and interferences also need to be improved. 
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V. CONCLUSIONS 
1. The analysis of aqueous slurries of solids by direct injection into an ICP 
spectrometer can be done. 
2. The analysis of major, minor, and trace elements in raw coal using the direct 
injection of slurries into the ICP spectrometer is difficult for slurries prepared with 
an attritor mill and an air impact mill. 
3. The ICP analysis of slurried solids such as cements, refractory materials, and 
coal ashes was studied. Agreement between values obtained by slurry ICP 
analysis and those obtained by XRF analysis, and certified standards analysis show 
the method is applicable to the analysis of "hard" crystalline-type solids. 
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